The noise generation by accelerated vorticity waves in a nozzle flow was investigated in a model experiment. This noise generation mechanism belongs, besides entropy noise, to the indirect combustion noise phenomena. Vorticity as well as entropy fluctuations, originating from the highly turbulent combustion zone, are convected with the flow and produce noise during their acceleration in the outlet nozzle of the combustion chamber. In the model experiment, noise generation of accelerated vorticity fluctuations was achieved. The vorticity fluctuations in the tube flow were produced by injecting temporally additional air into the mean flow. As the next step, a parametric study was conducted to determine the major dependencies of the so called vortex noise. A quadratic dependency of the vortex noise on the injected air amount was found. In order to visualise and classify the artificially generated vorticity structures, planar velocity measurements have been conducted applying Particle Image Velocimetry (PIV).
INTRODUCTION
In recent years the noise propagation from the combustion chamber of modern jet engines into the far field has gained in importance as a consequence of the achieved reduction of jet noise. Especially for helicopter engines which generate almost no jet noise due to their construction, noise sources originated from the combustion process are relevant for the sound field. A combustion system emits direct noise related to the unsteady combustion process itself and indirect combustion noise, generated by accelerated entropy and vorticity fluctuations in the outlet nozzle of the combustion chamber and in the subsequent turbine stages. Further research regarding the noise generation and propagation caused by these two mechanisms will be needed for aircraft noise reduction in the future. In particular, the contribution of indirect or core noise has to be analysed.
An arbitrary perturbation in a fluid can be described as a superposition of physical modes of perturbation, characterised by entropic, vortical and acoustical modes, as argued by Kovasznay [1] . One of the first analytical consideration on the sound generation caused by accelerated entropy waves have been published by Morfey [2] . Marble and Candel [3] described the sound generation through entropy waves in nozzle and diffuser flows assuming compact nozzles in case of subsonic or supersonic nozzle flows with and without normal shock waves. Research on entropy noise has recently been done by Bake et al. [4, 5] , experimentally as well as numerically.
Analytical expressions for the sound generation of convected entropy and vorticity inhomogeneities in ducts with variable geometry were formulated by Howe [6, 7] and by Ffowcs Williams and Howe [8] . Howe and Liu [9] described analytically for swirling duct flows the generation of sound by vorticity waves propagating parallel to the duct axis. Cumpsty [10] described the generation of pressure, vorticity and entropy perturbations through fluctuating heat release in a flow and compared the direct noise with the indirect entropy noise with the result that the generated entropy noise dominates the direct emitted sound.
Ehrenfried and Meier [11] studied the convection of vortices in nozzles experimentally and numerically by generating a vortex street in a plane Laval nozzle. The disturbance of the density field in the nozzle caused by the vortex street was visualised with Mach-Zender interferometry. The numerical results were obtained by solving the Euler equation with a finite volume method. Experimental and numerical investigations confirmed the weakening of the vortex street during its acceleration in the nozzle. Furthermore, the simulation of an accelerated vortex in a convergent nozzle showed the generation of additional pressure fluctuations surrounding the vortex as typical quadrupole pattern.
Hulshoff et al. [12] examined the sound production of a vortex passing through a nozzle using time-accurate inviscid-flow computations. Focussing on the identification of the vortex-nozzle interaction as potential source for low frequency pulsations with large amplitudes in solid-rocket motors, they limited their attention on the upstreamtravelling wave which drives the instability.
The objective of this present paper is to describe the generation of vortex noise as a step toward identifying and analysing experimentally the parameter dependencies on accelerated vorticity waves.
Vorticity fluctuations induced by the convection of swirl or turbulence in tube flows of variable geometry generate sound. According to Helmholtz-theorems, during its acceleration in a nozzle a vortex is stretched in streamwise direction and its structure is preserved due to the rotation. Therewith vorticity changes occur depending on the vortex distortion. These vorticity fluctuations generate pressure disturbances propagating up-and downstream as acoustic pressure waves. The investigation of vortex noise consequently depends on the knowledge of the exact vortex structure and of its distortion. Therefore, the sound generation of a single vortex accelerated in a convergent-divergent nozzle was analysed in the model experiment reported here.
ACOUSTIC ANALOGY
Analytical expressions were derived by Howe [6, 7] for perturbations due to the convection of entropic and vortical inhomogeneities in duct flows with varying cross sections. Howe reformulated the Lighthill's equation in terms of the total enthalpy B for a homogeneous fluid by taking the momentum equation in Crocco's form (1) and the continuity equation (2) . (1) (2) where v is the velocity vector, s the specific entropy, T the temperature, D/Dt the material derivative, ω the vorticity vector, and B the total enthalpy defined as: (3) In (3) the expression h is the specific enthalpy and v the velocity. Multiply (1) by the density ρ and take the divergence: (4) Using (2) the first term (div(ρ ∂v/∂t)) can be replaced in terms of B and considering an isentropic flow with s = const, equation (4) simplifies to the vortex sound equation:
The right-hand side of equation (5) emphasizes on the vorticity as a sound source. Without vorticity fluctuations the total enthalpy B is constant and no sound waves are generated. With vorticity fluctuations the divergence term accounts for the sound production by vortex motions.
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SETUP
The experiment have been conducted at the Vorticity Wave Generator Test Rig with the objective of investigating the sound emission of vorticity waves in an accelerated tube flow. The idea of this setup is to test and optimise detection methods for vortex noise and to study the parameter dependencies of the vortex noise generation mechanism by generating artificially vortex structures through air-injection.
Vorticity Wave Generator Test Rig (VWG)
The Vorticity Wave Generator Test Rig, shown in Fig. 1 , consists basically of a straight tube flow extended by the possibility to induce vorticity waves via a vortex module. The main flow supplied by the laboratory compressed-air system through a mass flow controller enters the setup into a settling chamber with a honeycomb flow straightener and is conducted via a bell mouth intake into the first tube section with a length of approximately 100 mm and a diameter of 30 mm.
The vortex module is attached to this tube section, consisting of two inlets to allow the injection of compressed-air via a fast-switching valve into the main flow. Therewith, different vortex structures and shapes of vorticity waves can be generated by injecting air either in circumferential or in radial direction into the main flow through an injection nozzle of 1.5 mm diameter, as displayed in Fig. 2 . The injector itself is 5 mm in length with zero eccentricity. The injected mass flow rate is determined by a flow meter. A detailed description of the fast-switching valve is given by Neuhaus and Röhle [13] .
The vortex module is followed by the exchangeable tube section 2, so that three different distances of 50 mm, 100 mm and 200 mm length between the vortex module and the nozzle throat can be realised and tested. The flow is accelerated subsequently through a convergent-divergent nozzle. The convergent part of the nozzle is 13 mm in length with a bell-mouth inlet of 13 mm radius. The diffuser part of the nozzle is 
Particle Image Velocimetry Measurements -Setup
The Particle Image Velocimetry (PIV) measurements were conducted at the open VWG separately from the acoustic measurements 1 . For the PIV measurements, the tube section consisted only of the components upstream of the convergent-divergent nozzle; i.e. the settling chamber, tube section 1, vortex module and tube section 2. The measurements were taken at the open end of tube section 2, 137 mm from the origin at the injection inlet. Oil based liquid aerosol seeding was injected together with compressed-air via the fast-switching valve into the main flow. The seeding particles, nearly 1µm in diameter, are illuminated by a conventional PIV laser system: a dual-cavity, pulsed Nd-YAG laser system operating at 532 nm wavelength. The two laser beams are focused and expanded by a set of four lenses to span the beam into a laser sheet of 2 mm thickness in horizontal and vertical direction in the measurement plane at the duct outlet of tube section 2. The CCD camera with a lens of 105 mm focal length is mounted perpendicular to the laser sheet for the horizontal measurements and 28°out of the axis for the vertical measurements. A region of 80 × 60 mm (horizontal) and 60 × 40 mm (vertical) is recorded at a resolution of 1600 × 1200 pixels. Synchronisation between laser and camera is realised by a multi-channel pulse generator commonly used for PIV.
Data Acquisition and Analysis

Acoustic measurements
As generation mechanism of the vorticity fluctuations the circumferential injection into the main flow was used yielding to a vortex structure whose vorticity vector is aligned with the tube axis. The fast-switching valve was opened for 100 ms per second controlled by a function generator. Under variation of the injected mass flow rate and of the distance between vortex module and nozzle, microphone signals at different positions downstream of the nozzle were acquired. In the post processing these signals were phase-averaged using the excitation signal as reference. The shown acoustical results are an average over 300 pulses. Fig. 3(a) shows the raw pressure signal of one pulse detected with microphone 2 and Fig. 3(b) the pressure signal phase-averaged over 300 pulses. Phase-averaging the raw pressure signals reduces the random noise of the air line upstream as well as the stochastic injector noise emitted permanently during the valve opening duration.
Particle Image Velocimetry measurements
For the visualisation of the generated vortex structure an ensemble of 480 image pairs were acquired and analysed for both cases, with and without air-injection. With airinjection four sets of 120 image pairs were acquired to keep the amount of seeding particles at an optimum. Without air-injection the images were taken in one set. The displayed results are ensemble averages, obtained by means of the ensemble correlation method described in detail in Willert [14] .
RESULTS
The motivation for the first series of measurements was the identification and separation of vortex noise generated by accelerated vorticity fluctuations in a nozzle. Additionally, the generation of the vorticity waves and the vorticity dependency on the injection of air had to be provided. Figure 4 (b). The corresponding velocity field perpendicular to the tube axis is illustrated in Figure 5 presenting a non-symmetrical rotating velocity field. This significant alteration of the flow field appears only if the tube section is opened before the nozzle.
Vortex Visualisation with PIV
In case of the closed configuration of the VWG used for the acoustic measurements, no vortex breakup occurs in the closed tube since the swirling flow is preserved through the test rig. 
Figure 4:
Velocity field without (left) and with air-injection of m · injected = 1.1 kg/h (right) in circumferential direction, total mass flow rate m · total = 42 kg/h.
Vorticity generation through low and high air-injection
The changes of the vorticity ω x due to low and high injected mass flow rates in the circumferential direction via the fast-switching valve, are displayed in Figure 6 (a) and this side effect but the relation between the pressure offset and the passing vortex is the most reasonable one for the authors.
The time delay between the direct sound peak and the negative indirect pressure pulse correspond to the flow velocity in the tube, determining the propagation speed of the vorticity fluctuation, and to the distance between vortex module and nozzle. Primarily this time delay is caused by the convection of the vorticity fluctuation in the exchangeable tube section 2 with constant cross section whereas the contribution of the convergent nozzle length of 13 mm on the time delay is minor and has consequently been neglected in the evaluation.
Distance variation between vortex module and nozzle
Since the propagation of vorticity waves correspond to the flow velocity the variation of the distance between vortex module and nozzle throat results in different propagation delays. The simultaneous decay of the vortex noise amplitude with increasing tube length is caused by the vortex decay. The evaluation of the vortex sound integrals, taking the first down slope zero to the next zero crossing, indicates a linear decay of the vortex along the tube axis as depicted in Figure 9 . A vortex decays exponentially but for small l/d the decay can be assumed close to linear. The reduction in the vortex sound amplitude of the large tube section compared with the short one is about 3 times as much as that Influence of the vortex decay in the tube on the amplitude of the generated vortex sound.
between the short and the medium one. In Figure 9 these 'energy' differences as well as the linear vortex decay are illustrated.
Mass flow variation
In order to evaluate the parameters on vortex noise generation, a test series was conducted varying the injected mass flow rate through the fast-switching valve at a constant nozzle Mach number of M nozzle = 1.0, respectively constant mass flow rate of m · total = 42 kg/h. Figure 10 displays the time signal of the acoustic pressure measured downstream of the nozzle at microphone position 2 if the injected mass flow is augmented. The trigger signal is indicated again as dashed line. With the augmentation of the injected mass flow the generated indirect pressure pulse originated from the acceleration of the vorticity fluctuation increases. Besides, only small changes in the direct sound peak occur since the mechanical opening dominates the sound emission. The different time delays of the direct sound peaks relative to the leading edge of the trigger signal are caused by the pressure dependence on the opening of the fastswitching valve.
The amplitude of the generated vortex sound was determined by extracting the minimum acoustic pressure peak of the time signal of microphone 2 downstream of the nozzle. Additionally, the integrals of the vortex sound have been evaluated. Figure 11 shows for both evaluation methods an almost quadratic relation between the injected mass flow and the generated vortex noise. 
CONCLUSION AND OUTLOOK
The generation of vortex noise due to the acceleration of artificial vorticity waves has been demonstrated in a model test rig. The identification and separation of direct and indirect noise was achieved by varying the distance between the vortex module and the nozzle. A quadratic dependency of the induced vortex sound pressure amplitude on the injected mass flow rate was detected.
Additionally, the existence of the artificially generated vorticity waves has been provided by using PIV. Air-injection yields to a swirling flow in the tube and causes vorticity changes depending on the injected mass flow rates.
The acoustical and the PIV measurements display the same dependence on the augmentation of the injected mass flow rates. Increasing the air-injection augments both, vortex noise amplitude and vorticity.
Further work will focus on the parameter vorticity, e.g. the vorticity distributions and dependencies to figure out the relation between vorticity fluctuation and generated vortex noise, in terms of amplitude and Mach number, for different vortex structures. 
